INTRODUCTION
In this work, a carboxylesterase, Est55 (monomer size of 55 kDa) from Geobacillus 86 stearothermophilus (15) has been characterized in B. subtilis WB600BHM, in which six protease 87 genes have been deleted (46). The expressed Est55, which lacks a typical export signal, was 88 found to accumulate in the cells during exponential phase. The intracellular Est55, however, 89 begins to be secreted in early stationary phase, and decreases into the late stationary phase to the 90 extent that more Est55 is found in the medium than inside the cells. This secretion of Est55 in the 91 growth medium is accompanied by the concomitant appearance of several other cytoplasmic 92
proteins that also lack a classical signal peptide. A similar secretion pattern was also found in 93 both B. subtilis 168 and an autolysins-deficient mutant of B. subtilis (7, 46) . Negligible amounts 94 of Est55, SodA and enolase were found in the membrane vesicles recovered from the spent 95 medium, indicating that the membrane-shedding is not a significant factor for the secretion. 96
Moreover, we have identified a hydrophobic membrane-embedded domain of enolase (20, 21) 97 that is necessary for its secretion. Taken together, these findings indicate that several cytoplasmic 98 proteins which lack a typical signal peptide are secreted into the medium in the absence of cell 99 lysis during the stationary phase of growth, and that the secretion is a general phenomenon in B. 100
subtilis. 101 102

MATERIALS AND METHODS 103
Bacterial strains, plasmids, culture conditions and growth. Bacterial strains and plasmids are 104 listed in Table 1 (100 μg/ml), chloramphenicol (100 µg/ml), and kanamycin (10 μg/ml). 109
Construction, cloning and expression of Est55 in B. subtilis strains. The est55 gene was PCR-110 amplified from pCOS4 clone (15) using the appropriate primer pair. PCR products were 111 subcloned into the E. coli/B. subtilis shuttle vector pDG148 in which the ATG initiation codon of 112 est55 was fused to a ribosomal binding site 7 bp upstream provided by the vector (47). The 113 resulting plasmid pHE550 carrying kanamycin resistance as a selective marker allows the IPTG-114 induced expression of Est55 in Bacillus subtilis from the P spac promoter (47). Plasmid 115 transformation of B. subtilis was performed by natural competence protocol (2, 37), and 116 occasionally by the protoplast method (12). 117 118 Cloning of B. subtilis enolase and its mutants. Appropriate primer pairs were used for PCR 119 amplification of the eno gene using B. subtilis 168 chromosomal DNA, while the restriction 120 enzyme sites XbaI and SalI were introduced into the forward and reverse primer sequences, 121 respectively. The PCR product was digested by XbaI/SalI and subcloned into the corresponding 122 sites of the shuttle vector pDG148, in which the cloned gene was placed under the control of 123 P spac promoter. 
RESULTS
207
Carboxylesterase Est55 from G. stearothermophilus is secreted. We have previously 208 characterized a carboxylesterase, Est55, of G. stearothermophilus ATCC7954 that was cloned 209 and expressed in E. coli (15). The protein contains no typical cleavable signal sequence (Fig.1A) . 210
To investigate whether this hydrolytic enzyme can be secreted by its parent strain G. 211 stearothermophilus ATCC7954. Enzymatic activity measurements ( used, the intracellular levels of Est55 reached a plateau at about 9 hrs after inoculation and, 225 thereafter, gradually decreased through the late stationary phase. Concomitantly, the extracellular 226
Est55 in the medium also started to appear at 9 hrs, reaching a plateau at 12 hr ( Fig. 2B ). At this 227 time point, there was almost twice as much Est55 in the medium as there was inside the cells 228 (Fig. 2B ). These results indicate that Est55 is secreted by B. subtilis during stationary phases, and 229 that this secretion is substantial: there was more Est55 present in the medium than inside the 230
cells. 231 232
The secreted Est55 is not processed. To investigate further the possibility that the Est55 was 233 subjected to N-terminal cleavage during secretion, both the intracellular and extracellular Est55 234 that were expressed from B. subtilis WB600BHM harboring pHE550 were purified to 235 homogeneity. The first 10 amino acids of Est55 from both protein sources were determined as 236 being M-E-R-T-V-V-E-T-R-Y, which are identical to the derived protein sequences from the 237 published nucleotide sequences, as well as the sequences of Est55 protein expressed and purified 238 from E. coli (15). In addition, the sizes of intracellular and extracellular Est55 were identical on 239
SDS-PAGE (data not shown). These results indicate that there is no cleavage of the secreted 240
Est55 on neither N-nor C-termini during the secretion process. Moreover, the secretion is not 241 affected by a proton motive force inhibitor or by azide, and in the presence of chloramphenicol 242 the intracellular Est55 is secreted into the medium (data not shown), indicating that neither Sec 243 nor TAT system is involved in the secretion of Est55 even though it contains twin-arginine 244 residues in the N-terminus (Fig.1A) . 245
246
Other cytoplasmic proteins lacking typical signal peptide are secreted in stationary phase. 247
To determine whether the secretion of Est55 is unique or a general phenomenon in B subtilis, we 248 analyzed the protein profiles of extracellular fractions during growth on SDS-PAGE, as shown in 249 superoxide dismutase SodA, (band j) (Fig. 3A) . Remarkably, most of these proteins are normally 255 considered to be intracellular cytoplasmic proteins. Similar to Est55, no N-terminal cleavage can 256 be detected for any of these proteins, as judged from sequence comparison, except for 257 chitosanase (band i) which had lost its signal peptide; secretion of chitosanase is SecA-dependent 258 (33). 259
The secretion patterns for two of these proteins, enolase and SodA, were shown by 260 immunoblot analysis to be similar to that of Est55 (Fig. 3B) . Thus, the presence of these 261 proteins, which lack any of the classical signal peptide sequences, in the growth medium of cells 262 in late stationary phase represents a non-classical secretion of proteins by B. subtilis. Fig. 2A) and cell viability counts throughout the growth phases at about 267 3x10 9 /mL (data not shown). It is possible; however, that the constant cell density or viability in 268 stationary phase could be the result of concomitant cell growth and cell lysis at a comparable 269 rate. To test this possibility, chloramphenicol was added to the culture of WB600BHM harboring 270 pHE550 at the time point when signal-less proteins start to be secreted to the medium. The cell 271 density remained constant for three hours after the addition of chloramphenicol ( Fig. 2A, filled  272 diamond). Under these conditions, the secretion of enolase and SodA continued, as shown by 273 immunoblots (Fig. 3B) . These results strongly suggest that the secretion of these proteins is not 274 due to cell lysis, as these proteins were secreted from existing pools in the cells, and new protein 275 synthesis is not required for their presence in the medium. To further rule out the possibility of 276 general cell lysis under the conditions used, immunoblots were performed with specific 277 antibodies against two major (and abundant) intracellular proteins functioning in protein 278 secretion and translation: SecA, and EF-Tu. As shown in Fig. 3C , SecA was undetectable, and 279 only very low levels of EF-Tu (less than 5% of the intracellular fractions) could be detected in 280 the medium. 281 282 Non-classical secretion is a common phenomenon. To examine the possibility that the 283 observation of non-classical protein secretion is due to the unique genetic background of the 284
Bacillus strain WB600BHM, we also performed similar experiments in B. subtilis 168 harboring 285 pHE550 in the presence of the protease inhibitor PMSF. The results were similar to those for the 286 protease-deficient B. subtilis WB600BHM harboring pHE550. The quantities of secreted Est55, 287
SodA, GroEL, and enolase at 12 hr samples were estimated to be 30-50% of the total amounts of 288 each individual protein ( immunoblots. Quantitative analysis revealed that the ratios of secreted proteins in strain 1A304 300 were comparable to those in SH128 (Fig. 4B) . These findings support the notion that the 301 observed secretion of a specific set of cytoplasmic proteins is a general phenomenon in B. 302 subtilis during the stationary phase and is not due to cell autolysis. 303 304 Signal-less protein secretion is not mediated significantly by membrane vesicles. It was 305 reported that enolases from Bacillus anthracis and Neisseria meningitidis enolases can be 306 detected in the membrane vesicles in the media (1). However, the amounts have not been 307 reported. To determine the extent of membrane vesicle-mediated secretion in our studies, 308 medium fractions were separated after 11 hrs incubation, and the membrane fraction was 309 collected by ultracentrifugation. Distribution of signal-less proteins in the pellet and soluble 310 fraction was determined by immunoblot analysis. Negligible amounts of Est55 and SodA, and 311 less than 15% of enolase were detected in the membrane pellet fraction (Fig. 4C) . terminal region of enolase (Fig. 5A , 5B) were identified as potential targets. A plasmid 325 containing the eno gene in which the α-helix had been deleted (EnoBsΔH) was used for the 326 expression of the mutated enolase in B. subtilis. The expressed EnoBsΔH protein remained 327 soluble and could be identified with a slightly smaller size than the wild-type enolase (EnoBs) as 328 monitored by immunoblots. The results showed that the deletion of this α-helix domain 329 completely abolished secretion of plasmid-coded EnoBsΔH, while the chromosomal wild-type 330 enolase was secreted from the same cell cultures under identical conditions (Fig. 5C) . 331
Within this α-helix, there is a hydrophobic EM domain (residue 110 to 118) (Fig. 5B ) that is 332 predicted by the PSSM-SVM scheme (20, 21) to be important for embedding proteins into the 333 membranes. To determine its importance for secretion, this EM domain was replaced with a β-334 galactosidase sequence (EMR), leaving the predicted α-helix structure effectively unchanged by 335 on October 21, 2017 by guest http://jb.asm.org/ Downloaded from prediction, but with reduced hydrophobicity. To facilitate the detection of enolase with similar 336 sizes, two plasmids were constructed with an N-terminal FLAG tag to yield pEnoFLAG (FLAG-337 tagged EnoBs), and pEMRFLAG with the replaced EM domain. 338
Based on modeling by AMMP (http://www.cs.gsu.edu/~cscrwh/ammp/ammp.html), or 339
Swiss-Model (http://swissmodel.expasy.org), the replacement shows no predicted change on 340 conformation (Fig. 5A) . The expressed Eno-FLAG and EMR-FLAG proteins from plasmids 341
were soluble in the cell extracts, and displayed slightly larger sizes than the chromosomal EnoBs, 342 as determined by immunoblots (Fig.5D) . The results showed that both the soluble Eno-FLAG 343 and EnoBs can be secreted into the growth medium concomitantly, and that modification of this 344 EM domain in the α-helix completely abolished secretion of the EMR-FLAG (Fig.5D) . The same 345 result was obtained when FLAG antibody was used to detect specific, FLAG-tagged enolase. 346
Importantly, while the mutated enolase (encoded by the plasmid) was not detected, the wild-type 347 chromosomal enolase was detected in the medium, indicating that the structural EM element is 348 important for enolase secretion. 349
It is possible that the mutation of enolase resulted in a protein that might be more 350 susceptible to degradation. Hence, we determined the stability of plasmid encoded EnoBs and 351 EMR in the medium, as well as SecA which was found to be negligible in the medium (Fig.3C) . 352
The soluble crude extracts of the stationary-phase cells were prepared and added into the 353 stationary-phase culture. The stability of added EnoBs and EMR, incubated in the medium at 37 354 o C, were also monitored by immunoblots. As shown in Fig. 5E , EnoBs/EMR of the added crude 355 extracts was stable for at least 120 min without apparent degradation, while no EnoBs/EMR was 356 found in the control sample without the addition of crude extracts. Thus, the absence of EMR in 357 the growth medium is a consequence of the mutation of the membrane-embedding domain. 358 on October 21, 2017 by guest http://jb.asm.org/
Downloaded from
SecA was also monitored for its stability under the same condition. The results showed that the 359 extracellularly added SecA was stable for at least 2 hr (Fig.5E) , thus support the absence of SecA 360 as a valid indicator for the lack of cell lysis (Fig.3C) . 361
The absence of EMR-FLAG and EnoBsΔH in the stationary phase medium demonstrates 362 the importance of the predicted hydrophobic α-helix structure in EnoBs secretion. In this study, carboxylesterase Est55, along with several conventional endogenous 370 cytoplasmic proteins from B. subtilis, were found to be secreted during the late stationary phase. 371 N-terminal amino acid sequence analyses of these proteins confirmed the absence of any 372 classical, signal peptide cleavage that is known to be involved in a Sec-dependent pathway (39). 373
More importantly, several lines of evidence show that secretion of these proteins without a 374 classical, signal peptide in B. subtilis in the stationary phase is not due to cell lysis; rather it is a 375 general phenomenon. 376
The appearance of cytoplamic proteins in the stationary phase in B. subtilis is controversial. 377
The existence of non-classical protein secretion has been reported (3, 40), while others attributed 378 the appearance to cell lysis (4, 39). None of these reports, however, provide conclusive, 379 quantitative analyses as to whether cell lysis contributes significantly to the observed 380 phenomenon. In this study, the cells were grown in LB broth with glucose to minimize the effect 381 Under these conditions, we show that cell lysis cannot account for the secretion of proteins in the 384 late stationary phase by several lines of evidences: constant cell viability count, no change in cell 385 density or secretion in the presence of chloramphenicol ( Fig. 2A) , the negligible amounts of 386
SecA and EF-Tu in the medium, minimal effect on secretion using an autolysin mutant, and 387 (most importantly) the defective secretion of mutated enolase enzymes that harbor mutations in a 388 hydrophobic membrane-embedding domain. The differential secretion of mutated and wild-type 389 enolases from the same cell culture provides the most compelling evidence that cell lysis plays 390 little role in the secretion of these signal peptide-less proteins. 391
Mutation of the α-helix EM domain in enolase results in a complete abolition of secretion 392 but a mutation of another α-helix (Q132P) has no effect (data not shown). properties; such as threonine contents, trans-membrane helices, and protein disorder in the 398 structure (6). It is noted that enolase, pyruvate dehydrogenase (S-complex) (10, 11, 17), and 399
GroEL are predicted to be non-secreted proteins using this prediction algorithm, while in our 400 study they are identified as abundant, secreted proteins. 401
Recent publications (7, 14) indicated that several cytoplasmic proteins, present in 402 extracellular environment, are associated with membrane vesicles in Gram-positive bacteria. 403 However, the extent to which the membrane-vesicles mediate release of these proteins has not 404 on October 21, 2017 by guest http://jb.asm.org/ Downloaded from been reported. We found that such release is not significant for Est55, SodA and enolase (Fig.  405   4C) . In addition to enolase, the presence of a small amount of GroEL and pyruvate 406 dehydrogenase in the pellet fraction is likely due to the co-sedimentation of the large complexes 407 (all over 400,000 mass) by ultra-centrifugation. Alternatively, these cytoplasmic proteins may 408 not be secreted or remain as the large complexes in the medium. 409
Autolysins have been proposed to play several roles in motility, cell separation, 410 competency, antibiotic-induced lysis, pathogenesis, cell wall synthesis and turnover, and 411 differentiation (7). The LytC and LytD proteins account for 95% of autolysin activity in B. 412
subtilis. In this study we used a strain with lytC lytD double mutations, which is devoid of 413 prophage-associated lytic enzymes (7). We found that a similar secretion pattern in the autolysin-414 deficient mutant and its parent strain (Fig. 4B) , indicating that autolysins are not a major factor. 415
Moreover, the detection of this particular class of proteins in the extracellular environment of 416 several species of Gram-positive bacteria, other than B. subtilis, supports the notion that these 417 proteins are secreted through specialized route(s) (35). 418
It has also been reported that B. subtilis possesses an active export system represented by the 419 yukABCDE operon (31). This operon is homologous to the ESAT-6 secretion system, which is 420 involved in the secretion of small virulence proteins that lack a classical signal peptide in several 421 pathogenic Gram-positive bacteria (9, 31). The possible role of this system in the secretion in our 422 study has been investigated in B. subtilis L16601, and its derivative mutants that contain a 423 systemic deletion in each of the genes in yukABCDE operon (34). We found similar protein 424 profiles (data not shown), indicating that the ESAT-6 homologous transport system is not 425 involved in the secretion of this particular class of signal-less proteins. 
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